G raphene, a two-dimensional sp 2 - bonded carbon sheet with intriguing electrical, mechanical, optical, and chemical properties, has attracted tremendous interests in a wide range of research fields such as biomedicine.
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Starting from 2008, many research groups have developed graphene-based biosensors using a variety of mechanisms for sensitive detection of biological species. 8À13 We and others have also utilized functionalized nanographene with ultrahigh surface area as a novel nanocarrier for loading and delivery of drugs and genes. 2,14À19 In vivo applications of nanographene for cancer treatment such as photothermal therapy have also been explored, showing encouraging therapeutic effects in animal models. 20, 21 Meanwhile, the potential toxicity of graphene has also been investigated in vitro and in vivo. 2,22À27 Although still under debate, most reports have agreed that the toxicity of graphene is closely associated with its surface chemistry. Recently, our own study suggested that polyethylene glycol (PEG)-functionalized nanographene could be gradually excreted from mice after intravenous injection, without rendering noticeable toxicity to the treated animals. 23 To the best of our knowledge, active tumor targeting of graphene in living subjects through the incorporation of specific ligands has not been achieved to date. In this study, we explored the use of nanographene for in vivo tumor targeting and quantitatively evaluated the pharmacokinetics and tumor targeting efficacy through serial noninvasive positron emission tomography (PET) imaging. To ensure in vivo stability of the nanographene conjugates, we used 10À50 nm graphene oxide (GO) sheets with covalently conjugated six-arm branched PEG (10 kDa) chains, 16, 20 which have ample amino groups on the surface for further covalent conjugation of various functional entities (image label, targeting ligand, etc.). We chose CD105 (endoglin) as the target in this study. Almost exclusively expressed on proliferating endothelial cells, CD105 is an ideal marker for tumor angiogenesis (i.e., new blood vessel formation).
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Since the expression level of CD105 correlates with poor prognosis in more than 10 solid tumor types, 31 it holds tremendous B clinical potential as a prognostic, diagnostic, and therapeutic vascular target in cancer. Furthermore, CD105 is not readily detectable in resting endothelial cells or normal organs, which makes it an attractive target for molecular imaging and therapy of cancer. One of the key challenges for nanomaterial-based tumor targeting and imaging is efficient extravasation. 32, 33 In this regard, CD105 is highly desirable for tumor targeting with nanomaterials because extravasation is not required to observe the tumor signal. TRC105, a human/ murine chimeric IgG1 monoclonal antibody (mAb) which binds to both human and murine CD105, was used for CD105 targeting in this study. 28 A multicenter phase 1 first-in-human dose-escalation trial of TRC105 was recently completed, and multiple phase 2 therapy trials are underway in patients with various solid tumor types. 34 Promising clinical data from these studies warrant the development of TRC105-based imaging/therapeutic agents, which can play important roles in multiple facets of future cancer patient management.
The goal of this proof-of-principle study was to investigate whether TRC105 can be used as the ligand for CD105 targeting of covalently functionalized GO in animal tumor models, which can open up new avenues for future image-guided drug delivery and cancer therapy, as well as establish GO as a promising nanoplatform for cancer theranostics. To evaluate the biodistribution, pharmacokinetics, and tumor targeting efficacy of functionalized GO in tumor-bearing mice, serial PET imaging was carried out, where the GO conjugates were labeled with 64 Cu (a PET isotope with a physical half-life of 12.7 h) through 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA, one of the best chelators for 64 Cu-labeling 35, 36 ). The rationale for using PET is that it is noninvasive, sensitive, quantitative, and clinically relevant with superb tissue penetration.
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To validate the in vivo data, various in vitro, in vivo, and ex vivo studies and control experiments were also carried out to confirm CD105 specificity of the GO conjugates.
RESULTS AND DISCUSSION
Syntheses and Characterization of GO Conjugates. The synthesis of PEGylated GO (herein termed "GO-PEG-NH 2 "), starting from graphite oxide, has been reported previously. 16, 20 Four conjugates of GO-PEG-NH 2 were prepared and investigated in this study: NOTA-GO, ARTICLE www.acsnano.org C NOTA-GO-TRC105, FITC-GO (FITC denotes fluorescein isothiocyanate), and FITC-GO-TRC105. A schematic structure of these conjugates is shown in Figure 1a . Since all conjugates contain the same six-arm branched PEG chains (10 kDa) covalently linked to GO, "PEG" was omitted from the acronyms of the final conjugates for clarity considerations. The two conjugates with NOTA (i.e., NOTA-GO and NOTA-GO-TRC105) were subsequently labeled with 64 Cu for in vivo PET imaging and biodistribution studies, while the two conjugates with FITC (i.e., FITC-GO and FITC-GO-TRC105) were employed for in vitro evaluation of CD105 binding affinity and specificity using fluorescence techniques. On the basis of atomic force microscopy (AFM) measurements, GO-PEG-NH 2 , NOTA-GO, and NOTA-GO-TRC105 are all small sheets with comparable size range of 10À50 nm (Figure 1b) . In addition to AFM, dynamic light scattering (DLS) and zeta-potential measurements were also carried out. On the basis of DLS, the average diameter of GO-PEG-NH 2 , NOTA-GO, and NOTA-GO-TRC105 was 21.7 ( 0.7, 21.9 ( 0.6, and 27.0 ( 0.9 nm, respectively (Supporting Information Figure S1 ). Since NOTA is quite small in size while TRC105 is a macromolecule of 150 kDa molecular weight (5À10 nm in size), the size difference is reflected in the overall diameter of the GO conjugates. The zeta-potential values of GO-PEG-NH 2 , NOTA-GO, and NOTA-GO-TRC105 were measured to be À4.85 ( 4.99, À9.46 ( 4.74, and À0.08 ( 5.35 mV, respectively. Comparing these values, NOTA conjugation significantly changed the zeta-potential of GO-PEG-NH 2 , and TRC105 conjugation also led to a pronounced difference. Together, the results from AFM, DLS, and zeta-potential measurements strongly suggested successful conjugation of NOTA and TRC105 onto GO.
In Vitro Studies of GO Conjugates. To evaluate the CD105-targeting characteristics of the GO conjugates, human umbilical vein endothelial cells (HUVECs, high CD105 expression 41, 42 ) and MCF-7 human breast cancer cells (CD105 negative 41, 42 ) were used for flow cytometry analysis and microscopy studies of FITC-GO and FITC-GO-TRC105. As can be seen in Figure 2a , treatment with FITC-GO-TRC105 greatly enhanced the mean fluorescence intensity of HUVECs (∼570-fold higher than the unstained cells), whereas treatment with FITC-GO and the "blocking" group both gave little fluorescence enhancement (∼6-fold higher than the unstained cells and ∼100-fold lower than FITC-GO-TRC105). was not completely separated from the GO conjugates by size exclusion chromatography. Since PET imaging detects the radiolabel (i.e., 64 Cu) instead of the GO conjugates themselves, excellent stability of the radiolabel on the GO conjugates can ensure that the signal observed in PET truly reflects the distribution of the GO conjugates.
In Vivo PET Imaging and Biodistribution Studies. On the basis of our previous experience of in vivo tumor targeting and imaging with radiolabeled nanomaterials, All nanomaterials, when intravenously injected, are cleared from the animal body primarily through the hepatobiliary and/or renal pathway. The GO conjugates investigated in this study are cleared mostly through the hepatobiliary pathway since their hydrodynamic diameter is significantly larger than the cutoff for renal filtration (∼5 nm). 48 The liver uptake Cu-NOTA-GO-TRC105 and the two control groups were statistically significant (P < 0.05) at all time points examined, except that between 64 Cu-NOTA-GO-TRC105 and the "blocking" group at 48 h postinjection. All data represent 4 mice per group. ARTICLE www.acsnano.org F Figure 4d summarizes the 4T1 tumor uptake of the GO conjugates in all three groups over time. Figure 5 shows the biodistribution data of the GO conjugates at 3 and 48 h p.i. Overall, the quantitative results based on PET and biodistribution studies matched very well. Besides the liver, the spleen and blood also had significant uptake of 64 Cu-NOTA-GO-TRC105 and 64 Cu-NOTA-GO at 3 h p.i. (Figure 5a ). The uptake of 64 Cu-NOTA-GO-TRC105 in the 4T1 tumor was higher than that in all other major organs, thus providing good tumor contrast. tumor uptake, confirming the PET findings. Taken together, the PET and biodistribution data confirmed CD105 specificity of 64 Cu-NOTA-GO-TRC105
in vivo, through the investigation and comparison with the two control groups. In addition, the corroborating results also validated that serial noninvasive PET imaging truly reflected the distribution of 64 Cu-NOTA-GO-TRC105 and 64 Cu-NOTA-GO in tumor-bearing mice.
Tumor Targeting of NOTA-GO-TRC105 Is Vascular Specific. To further confirm that tumor uptake of 64 Cu-NOTA-GO-TRC105 is CD105 specific and GO was indeed delivered to the tumor by TRC105, three 4T1 tumorbearing mice were each injected with a larger dose of NOTA-GO-TRC105 was at the peak based on PET results). The 4T1 tumor, liver, spleen (i.e., tissues with significant uptake of 64 Cu-NOTA-GO-TRC105), and muscle (which has negligible uptake of 64 Cu-NOTA-GO-TRC105 and serves as a control normal organ) were frozen and cryo-sectioned for histological analysis. Photographs of the tissue slices (i.e., the "light view" mode) showed that there were significant amounts of NOTA-GO-TRC105 in the tumor, liver, and spleen but not in the muscle (dark spots in Figure 6a ). However, there is no observable GO in the tumor of mice injected with NOTA-GO. Therefore, both-64 Cu (detected by PET) and GO (visible under the microscope) were delivered to the 4T1 tumor by TRC105-based CD105 targeting, which suggested good in vivo stability of 64 Cu-NOTA-GO-TRC105, corroborating serum stability results. Since TRC105 within the NOTA-GO-TRC105 conjugate served as the primary antibody for histological analysis of CD105 (no unconjugated TRC105 was used), the fluorescence signal of CD105 in Figure 6b is attributed to the presence of NOTA-GO-TRC105 conjugate in the examined tissues. The histology data demonstrated that NOTA-GO-TRC105 can specifically target CD105 in the tumor vasculature. As can be seen in Figure 6b , NOTA-GO-TRC105 distribution in the 4T1 tumor was primarily on the tumor vasculature (indicated by good overlay of the red and green fluorescence signal, which represents CD31 and CD105, respectively) with little extravasation (green spots). Taken together, the results from light view and immunofluorescence images indicated that NOTA-GO-TRC105 was quite stable in vivo and was specifically directed to the tumor vasculature as an intact entity through targeting of CD105 on the tumor neovasculature. The fact that there is little extravasation of NOTA-GO-TRC105 in the 4T1 tumor suggested that the 4T1 tumor vasculature is not very "leaky".
Ample dark spots in the light view images (indicating the presence of GO), as well as fluorescence signal resulting from TRC105 within NOTA-GO-TRC105, were observed in the liver and spleen slices which indicated significant uptake of NOTA-GO-TRC105 by these two organs (as both are part of the reticuloendothelial system). However, the green fluorescence attributed to NOTA-GO-TRC105 exhibited little overlay with the CD31 staining of vessels in the liver and spleen, indicating that the uptake of NOTA-GO-TRC105 in these two organs were mainly due to the capture by macrophages in the reticuloendothelial system rather than specific targeting of CD105 on the vasculature. Meanwhile, little signal originated from NOTA-GO-TRC105 was observed in normal tissues such as the muscle, which is consistent with our in vivo imaging results.
CONCLUSIONS
In this study, we have demonstrated that GO can be specifically directed to the tumor neovasculature in vivo through targeting of CD105, a vascular marker for tumor angiogenesis. The covalently functionalized GO exhibited excellent stability and target specificity. Pharmacokinetics and tumor targeting efficacy of NOTA-GO-TRC105 was investigated with both serial noninvasive PET imaging and biodistribution studies, which were validated with in vitro, in vivo, and ex vivo experiments. We found that tumor targeting of NOTA-GO-TRC105 was vasculature specific with little extravasation.
Achieving active tumor targeting and imaging in vivo is highly important to the emerging field of graphene-based nanomedicine. The significantly improved tumor targeting efficiency of nanographene realized in this work may be utilized for cancertargeted drug delivery and/or photothermal therapy in vivo, to further enhance the therapeutic efficacy and to enable cancer theranostics. The versatile chemistry of graphene-based nanomaterials makes them a desirable nanoplatform for future biomedical research. 
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Since poor extravasation is a major hurdle for nanomaterial-based targeting in vivo, this study also establishes CD105 as a promising vascular target for future cancer nanomedicine.
METHODS
Syntheses of the GO Conjugates. GO-PEG-NH 2 was mixed with (S)-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) or FITC, which has the same chemical reaction between the SCN group and the NH 2 group on GO, at a molar ratio of 1:10 at pH 9.0 for 2 h. The resulting NOTA-GO (or FITC-GO) was purified by centrifugation filtration using 100 kDa cutoff Amicon filters (15 min at 12 520g). NOTA-GO (or FITC-GO) was subsequently reacted with succinimidyl carboxymethyl PEG maleimide (SCM-PEG-Mal) at pH 8.5 at a molar ratio of 1:30 for 2 h. After the unreacted SCM-PEG-Mal and other reagents were removed by centrifugation filtration, the resulting reaction intermediates were named as NOTA-GO-Mal or FITC-GO-Mal.
Meanwhile, TRC105 was mixed with Traut's reagent at a molar ratio of 1:25 at pH 8.0. After 2 h of incubation at room temperature (RT), the resulting TRC105-SH was purified by size exclusive chromatography using phosphate-buffered saline (PBS, pretreated with Chelex 100 resin to prevent oxidation of the thiol) as the mobile phase. With this reaction ratio, we calculated that there are about 8 thiol groups per TRC105 molecule based on Ellman's reagent titration (see Supporting Information Figure S2 ). Subsequently, NOTA-GO-Mal or FITC-GO-Mal was mixed with TRC105-SH at a molar ratio of 1:5 at pH 7.5 in the presence of tris(2-carboxyethyl)phosphine (i.e., TCEP) to avoid disulfide formation between TRC105-SH. The final products were purified by centrifugation filtration as described above and termed NOTA-GO-TRC105 and FITC-GO-TRC105.
Flow Cytometry and Fluorescence Microscopy. Cells were harvested and suspended in cold PBS with 2% bovine serum albumin at a concentration of 5 Â 10 6 cells/mL, incubated with FITC-GO-TRC105 or FITC-GO (at a concentration of 50 μg/mL based on GO) for 30 min at RT, washed three times with cold PBS, and centrifuged at 1000 rpm (682g) for 5 min. Afterward, the cells were washed and analyzed using a BD FACSCalibur four-color analysis cytometer, which is equipped with 488 and 633 nm lasers (Becton-Dickinson, San Jose, CA) and FlowJo analysis software (Tree Star, Ashland, OR). "Blocking" experiment was also performed in cells incubated with 50 μg/mL of FITC-GO-TRC105, where 500 μg/mL of unconjugated TRC105 was added to evaluate the CD105 specificity of FITC-GO-TRC105. The cells were also examined under a Nikon Eclipse Ti microscope to validate the FACS results.
64 Cu Labeling and Serum Stability Studies.
64
CuCl 2 (74 MBq) was diluted in 300 μL of 0.1 M sodium acetate buffer (pH 6.5) and added to 60 μg of NOTA-GO-TRC105 or NOTA-GO, and the reaction was allowed to proceed at 37°C for 30 min with constant stirring. Cu-NOTA-GO were purified using PD-10 columns with PBS as the mobile phase. The whole procedure of 64 Cu labeling and purification of the GO conjugates took 90 ( 10 min (n = 10).
Cu-NOTA-GO-TRC105 or 64 Cu-NOTA-GO was incubated in complete mouse serum at 37°C for up to 48 h (the time period investigated for serial PET imaging, which is about four half-lives of 64 Cu). Portions of the mixture were sampled at different time points and filtered through 100 kDa cutoff filters as described above. The filtrates were collected, and the radioactivity was measured. The percentages of retained (i.e., intact) 64 Cu on the GO conjugates (   64   Cu-NOTA-GO-TRC105 or   64 Cu-NOTA-GO) were calculated using the equation (total radioactivity À radioactivity in filtrate)/total radioactivity.
PET Imaging and Biodistribution Studies. All animal studies were conducted under a protocol approved by the University of Wisconsin Institutional Animal Care and Use Committee. PET and PET/CT scans at various time points p.i. using a microPET/ microCT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.), image reconstruction, and ROI analysis of the PET data were performed similar as described previously (see Supporting Information for details). 49, 50 Quantitative PET data were presented as percentage injected dose per gram of tissue (% ID/g).
4T1 murine breast tumor-bearing mice, a fast-growing tumor model with high CD105 expression on the tumor vasculature, 41, 42, 50 were each injected with 5À10 MBq of 64 Cu-NOTA-GO-TRC105 or 64 Cu-NOTA-GO via tail vein before serial PET scans. Another group of four 4T1 tumor-bearing mice were each injected with 2 mg of unlabeled TRC105 at 2 h before 64 Cu-NOTA-GO-TRC105 administration to evaluate the CD105 specificity of 64 Cu-NOTA-GO-TRC105 in vivo (i.e., blocking experiment). To generate the 4T1 tumor model, 4 to 5 week old female Balb/c mice were purchased from Harlan (Indianapolis, IN, USA), and tumors were established by subcutaneously injecting 2 Â 10 6 cells, suspended in 100 μL of 1:1 mixture of RPMI 1640 and Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), into the front flank of mice. The tumor sizes were monitored every other day, and the animals were subjected to in vivo experiments when the tumor diameter reached 5À8 mm.
After the last PET scans at 48 h p.i., biodistribution studies were carried out to confirm that the % ID/g values based on PET imaging truly represented the radioactivity distribution in tumor-bearing mice. In addition, separate groups of four 4T1 tumor-bearing mice were each intravenously injected with 64 Cu-NOTA-GO-TRC105 or 64 Cu-NOTA-GO and euthanized at 3 h p.i. (when tumor uptake was at the peak based on PET results) for biodistribution studies. Mice were euthanized, and blood, 4T1 tumor, and major organs/tissues were collected and wet-weighed. The radioactivity in the tissue was measured using a gamma-counter (Perkin-Elmer) and presented as % ID/g (mean ( SD).
Histology. All images were acquired with a Nikon Eclipse Ti microscope. Frozen tissue slices of 7 μm thickness were first visually inspected under the microscope for the presence of GO, without any immunofluorescence staining. Subsequently, the tissue slices were fixed with cold acetone and stained for endothelial marker CD31, as described previously through the use of a rat anti-mouse CD31 antibody and a Cy3-labeled donkey anti-rat IgG. 51, 52 The tissue slices were also incubated with 2 μg/mL of AlexaFluor488-labeled goat anti-human IgG for visualization of NOTA-GO-TRC105 (no unconjugated TRC105 was used for histology).
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